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Two-stage compression systems are used in heat pump products such as heat pump water heater and hot wind dryer 
to expand applicable range and improve their performance. For first stage of two-stage compression system in large 
capacity heat pump water heater, the authors developed a large capacity scroll compressor. The developed 
compressor has larger displacement volume than our conventional compressors with same external dimensions of 
compressor. To increase displacement volume, the authors adopted a three dimensional scroll and optimized scroll 
involute parameters as larger orbiting radius and less number of involute turns, compared to the conventional scroll. 
These lead to increase in displacement volume about 1.9 times to the conventional two dimensional scroll. Test 
results of the developed compressor show 1% to 8% improvement in compressor efficiency compared to the 
conventional compressor, because lower rotating speed to obtain same heating capacity results in reduction of 
mechanical losses. The developed compressor is installed in a newly developed heat pump water heater and 




Heat pump technology has been widely used for water heater and steam generator as well as conventional 
refrigeration and air-conditioning systems. Heat pump water heater has an advantage of high COP compared to the 
traditional gas boiler or electric heater. On the other hand, there are limitations of output water temperature and 
heating capacity in cold region because of the property of refrigeration cycle. 
 
In order to resolve the problem above, two-stage compression cycle with intermediate injection is proposed. 
Kobayashi et al. (2012) developed a heat pump water heater using two-stage compressor which equips both scroll 
and rotary compression mechanisms. Kobayashi et al. (2017) also developed a hot wind dryer using two-stage 
compression cycle by two scroll compressors which achieved both high temperature wind output and high COP. 
 
To expand applicable range and improve the performance in the two-stage compression systems, the authors 
developed a large capacity and small size scroll compressor specialized in first stage of two-stage compression 
system. This article describes characteristics and performance test results of the developed compressor. 
 
2. TWO-STAGE COMPRESSION SYSTEM 
 
Figure 1 shows a refrigerant circuit diagram of two-stage compression system. Refrigerant gas is compressed by first 
stage compressor 1 and suctioned by second stage compressor 2. It is compressed again and finally discharged from 
compressor 2. The system has an internal heat exchanger and an intermediate vapor injection mechanism. 
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Intermediate injection gas passes from the internal heat exchanger to join the discharged gas of the first stage 
compressor 1 and introduced into the second stage compressor 2. 
 
The two-stage compression system has the following characteristics. 
(1) Heating capacity and COP can be improved by intermediate vapor injection. 
(2) High compression ratio can be obtained due to two compressors. 




Figure 1: Refrigerant circuit diagram of two-stage compression system 
 
3. CHARACTERISTICS OF SCROLL COMPRESSOR SPECIALIZED IN FIRST 
STAGE 
 
In general, the first stage compressor requires larger capacity than the second stage due to the property of two-stage 
economizer cycle. In order to increase in capacity, the compressor needs to grow in size or boost its operating speed. 
However these may lead to increase in size of the heat pump product or decrease in compressor efficiency. 
 
The authors tried to compose a first stage compressor which has larger capacity and suitable compression ratio 
without changing external dimensions of compressor from the conventional single stage compressor by optimizing 
the involute parameters of the scroll.  
 
The developed compressor has the following features. 
(1) Adoption of three dimensional scroll (3D scroll) 
(2) Redesign of scroll involute parameters 
(3) Optimization of balance around the rotation axis 
(4) Widening discharge port  
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The first and second features are concerning about increase of displacement volume. Figure 2 shows orbiting scrolls 
of conventional two dimensional scroll (2D scroll), conventional 3D scroll and developed 3D scroll and Table 1 
shows properties of each scroll. 
 
The 3D scroll has larger displacement volume than conventional 2D scroll with the same outer diameter of scroll as 
Sato et al. (2008) reported. Wrap height of the 2D scroll is constant and compression is proceeding from outer to 
inner chamber in only radial direction. In contrast, the 3D scroll has pair of step on scroll tip and end plate, and the 
outer wrap is taller than the inner wrap. Consequently, the 3D scroll is able to compress the refrigerant in not only 
radial direction but wrap height direction. The inner wrap height of 3D scroll is about the same as that of 2D scroll. 
On the other hand, the outer wrap height of 3D scroll can be taller than that of 2D scroll because gas force on the 
outer wrap caused by pressure difference is smaller than that on the center part. It results in increasing displacement 
volume. 
 
The displacement volume of the 3D scroll increased 1.4 times to the conventional 2D scroll, but further increase of 
displacement volume is required to be installed in the large capacity systems. Increasing the wrap height or the 
diameter of end plate is usually chosen to increase displacement volume of scroll. But these lead to increase in size 
of the compressor or increase in gas force acting on the scroll which cause decrease in reliability. Therefore, the 
authors tried to increase displacement volume of scroll by changing its involute parameters, keeping its wrap height 
and diameter of end plate. Specifically, the authors made its orbiting radius larger and reduce its number of involute 
turns. 
 
The reduction of number of involute turns also contributes to optimization of built-in volume ratio. If a conventional 
scroll compressor is employed without any change as the first stage compressor of two-stage compression system, 
the built-in pressure ratio becomes much higher than actual operating conditions in the first stage. This could lead to 
decrease in efficiency due to increase in over compression loss. As shown in Table 1, the built-in volume ratio 
decreased by 20% as well as 30% increase in displacement volume by reduction in number of involute turns. As a 
result, performance characteristic of the developed compressor came closer to the actual operating condition in the 
first stage of the two-stage compression system. 
 
These changes led to about 1.9 times increase in displacement volume compared to the conventional 2D scroll. 
 
 
(a) Conventional 2D scroll                 (b) Conventional 3D scroll                  (c) Developed 3D scroll 
Figure 2: Outline of scroll 
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The third feature is concerning about noise and vibration. Compared to the conventional compressor, orbiting scroll 
of the developed compressor has about same weight but larger orbiting radius. So unbalance moment of the orbiting 
scroll around rotation axis increases. To avoid increase noise and vibration, the authors optimized balance around 
the rotation axis by increasing in size of counter balance weights. 
 
The fourth feature is concerning about pressure drop. Amount of discharged gas of the developed compressor 
increases compared to the conventional compressor as displacement volume is increased. So the developed 
compressor equips two discharge ports to decrease pressure drop in discharge process. To ensure sufficient area for 
discharge valves, the two discharge ports are placed on a partition cover, contrasted to one discharge port on the 
fixed scroll in the conventional compressor. 
 
4. TEST RESULTS OF COMPRESSOR EFFICIENCY 
 
Efficiency of the developed compressor was measured and compared to the conventional 3D scroll compressor. 
Refrigerant used in the tests is R407C and the test conditions are shown in Table 2. These conditions are determined 
based on the operating conditions of first stage compressor in the two-stage heat pump system. Rotating speeds in 
the developed compressor are determined so that the heating capacities have the same value as that in the 
conventional compressor. 
 
Figure 3 shows performance test results of the developed compressor and the conventional compressor used in the 
first stage of the two-stage compression system. Compressor efficiencies of the developed compressor are 1% to 8% 
better than the conventional one. The reason is mainly that the developed compressor can obtain same capacity with 
lower rotating speed compared to the conventional one because of its larger displacement volume, and it results in 
less mechanical losses. Moreover, design pressure ratio of the developed compressor is more suited to operating 
conditions than that of the conventional one. 
 
Table 2: Performance test conditions 
 
Cond.1 Cond.2 Cond.3
Discharge Pressure [MPaG] 1.50 0.70 1.20
Suction Pressure [MPaG] 0.58 0.17 0.34
Rotating Speed (Conventional) [rps] 76 86 104
Rotating Speed (Developed) [rps] 56 64 77
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Figure 3: Comparison of compressor efficiencies 
 
 
5. APPLICATION OF THE DEVELOPED COMPRESSOR TO HEAT PUMP WATER 
HEATER 
 
The developed compressor is installed in a newly developed heat pump water heater shown in Figure 4. 
 
The developed heat pump water heater has the following three main features. 
(1) Adoption of low GWP refrigerant. 
R454C (R32:R1234yf = 21.5:78.5 as mass fraciton, GWP=148) is adopted as a refrigerant. The GWP of R454C 
is less than one-fourth of conventional HFC refrigerant. 
 
(2) Available even in the condition of -20°C outside air temperature  
By adoption of two-stage compression cycle with an intermediate vapor injection, the product can supply 75°C 
hot water in wide range of outside temperature from -20 to 43°C, and satisfy the annual needs of hot water in 
factory. 
 
(3) High efficiency 
By adoption of two-stage compression cycle with high efficiency compressors, outstanding energy efficiency 
(COP 3.3) is achieved as a circulation type heat pump. When adopted in place of a factory boiler, for example, 
annual running costs can be cut by approximately 67%. 
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In this study, large capacity scroll compressor for first stage of two-stage compression system was developed and 
the following conclusions were obtained. 
 By adopting three dimensional scroll and optimizing its involute parameters, displacement volume of the 
developed compressor becomes about 1.9 times larger than that of the conventional two dimensional scroll 
compressor which has the same external dimensions of the compressor. 
 Under the conditions assumed heat pump operation, efficiencies of the developed compressor are 1% to 8% 
better than that of the conventional three dimensional scroll compressor, because its rotating speeds are 
lower than that of the conventional one and its design pressure ratio is more suited to operating conditions. 
 The developed compressor is used in a newly developed heat pump water heater, and in the future, it will 




D diameter of end plate  
H wrap height of scroll 
ρ orbiting radius 
v built-in volume ratio 
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